In this paper, an energy harvesting pavement prototype using air as the operating fluid is described and analyzed. The prototype harvests the thermal energy available in the pavement through pipes embedded in its structure, where air flows thanks to natural convection. The air is able to exit the system through an updraft chimney. A parametric analysis of the controllable parameters of interest is performed in this work in order to evaluate the variation in the performance of the energy harvesting prototype in different experimental setups. This study shows that there exists a maximum value for the air speed in each configuration and that the energy harvesting efficiency depends on the height and the diameter of the chimney. Moreover, there is a minimum value of the chimney diameter that does not allow air movement and makes the whole system behave as if no pipes were embedded in the pavement structure.
Introduction 1
Since pavements are always exposed to environmental factors, their sur-2 face temperature is widely influenced by them. During the summer months, operating fluid to the use of air, which has no negative effect on the pavement 34 structure in the case of leakages. The system described in [4] consists of a set of pipes embedded in an asphalt slab and used to allow air to flow through 36 a chimney used as the system outlet thanks to natural convection, thus, also 37 avoiding the need of machinery to power the fluid flow.
38
The conclusions of the few previous investigations on air powered energy har-39 vesting asphalt pavements suggest that this technology may be seen as a viable 40 alternative to currently available systems [4] [5] . Its study, however, is at a very 41 early stage, therefore new steps need to be made to discover which parameters 42 most influence its design. García and Partl were able to prove the feasibility of 
Experimental setup

58
The energy harvesting prototype shown in Fig. 1 mm, thickness 13.5 cm). Both layers were placed in a wooden box, which is thermally insulated with a 2.5 cm-thick layer of extruded polystyrene foam on 65 all sides except for the surface.
66
A set of 13 perforated stainless steel pipes were buried in the aggregate layer.
67
The vertical pipe spacing is 5 cm, while the horizontal spacing is 10 cm. The 68 spacing between the pipes was chosen based on a layout that could be easily 69 produced in our laboratory, therefore, further studies on this need to be per- No device is needed to move the air through the pavement, as its motion is 77 based on natural convection only.
78
Tools and instruments. The pavement was meant to simulate the energy with-79 drawal from a hot pavement, thus, incandescent gas-filled infrared light bulbs 80 were used to heat the asphalt surface.
81
The temperatures in the pavement domain were logged with an OMEGA OMB- 
85
The air speed at the outlet was measured with a PCE-423 anemometer.
86
The workstation (computer and acquisition devices) was protected with a slab 87 of extruded polystyrene foam, so that the electronic equipment would not suffer 88 from the high temperature of the light bulbs. performance in terms of air speed and maximum temperatures in the domain.
93
The main parametric analysis that was carried out involved the use of a chimney • 20 mm internal diameter, height from 0.25 to 2.5 m T emperature [
Top layer, T1 Bottom Layer, T2
Surface, T3 Air in the chimney, T4 The only conclusion that can be drawn from the simple analysis of the temper- of Re were calculated as:
where ρ is the density of air in the chimney, v is the air speed, D h is the internal can be calculated based on the ideal gas law under the assumption that at the 142 outlet the air pressure is equal to the atmospheric pressure. This is not strictly 143 true, as the prototype works by creating a depression related to a difference in 144 the air density. However, the depression is so small that, for the purpose of 145 calculating the value of Re, this approximation can be accepted. Moreover, in 146 order to perform a valid comparison, it is important to consider the variations 147 in the dynamic viscosity of air with changes in the air temperature and density.
148
This can be done using the Sutherland's equation, i.e., The efficiency of the prototype can be estimated using a definition based on 204 energy [5] , i.e.,
whereṁ is the mass flow of air in the chimney, c p,c is the specific heat capacity,
206
T c is the temperature of air at the outlet (chimney), T e is the temperature of 207 the environment, and q max is the maximum heat flux available for harvesting.
208
The value of q max is calculated as
where q a is the total heat flux available in the pavement, q wa is the heat lost by 210 radiation, and q ca is the heat exchanged by convection with the ambient air by 211 the pavement surface [4] . The values of q wa and q ca can be computed as:
where σ is the Stefan-Boltzmann constant, ε a is the emissivity of the pavement wind crossing the prototype is considered as constant and equal to zero, as the 218 experiments were performed in a laboratory.
219
It is relevant to report that the air speed influences the value of the efficiency 220 shown in Eq. 3, as the mass flowṁ is calculated as:
where ρ is the density of air at the chimney outlet, v is the air speed, and A is 222 the chimney cross section.
223
As shown in Fig. 6 , the efficiency varies quite widely for the configurations that were tested, reaching its maximum value in the case of a 0.5 m long chimney 225 with an internal diameter of 65 mm.
226
The definition of efficiency formulated in Eq. 3 is focused on the energy definition based on the surface temperature could be developed:
where T 3 N H is the temperature of the pavement surface with no energy har- It is interesting to note that the reduction of the air box volume and the 
Mathematical model
The results show that the behaviour of the system is influenced by thermo-263 fluid dynamics. However, as an approximation, a preliminary model of the 264 system can be developed based on simple thermodynamic concepts [5] .
265
This model describes the system with 1D equations, because heat transfer in the Based on this simplification, Fourier's law can be applied on all the surfaces 274 shown in Fig. 8 , considering that the heat flux entering the domain can be 275 found with Eq. 4 in the hypothesis of no heat losses and no heat accumulation:
where the subscript a describes the asphalt layer, g describes the aggregate, and that models convective heat transfer in a pipe:
where h p−air is the convective coefficient mentioned above, A p is the internal 284 surface of the pipes, and T av,air is the average temperature of the operating 285 fluid. However, it is not possible to calculate T av,air with Eq. 9, because in the 286 experimental setup that was used no data is available about the air speed in the 287 pipes, thus, it is not possible to calculate the value of h p−air .
288
Since the air speed in the pipes is low, the equation of conduction can be used
289
as an approximation to describe convective heat transfer through air in the pipe 290 in order to calculate T av,air :
where L air is equal to the internal radius of a pipe. This hypothesis has to be 292 validated, but no data is available about the temperature in the pipes: for this 293 reason, an additional set of equations can be used to estimate the temperature 294 of air in the chimney (which is measured) based on the previous hypotheses and 295 on the additional assumption that there are no heat losses in the air box and 296 along the chimney [5] . In order to calculate the temperature in the chimney 297 the first step is the calculation of the value of T av,air for all the pipes with Eq. in the bottom layer and T t for the pipes in the top layer.
303
Since the air box collects the air coming from all the pipes, its equilibrium 304 temperature can be calculated based on the principle of energy conservation 305 considering that the air in the 13 pipes (6 from the top layer, 7 from the bottom 306 layer) is mixed adiabatically:
where m pressure range under analysis the value of c p,air is considered constant.
311
The mass of air in each pipe can be found as m pipe air = ρ air · V air , where ρ air is 312 calculated with the ideal gas law at the relevant T av,air and V air is the volume 313 of a pipe. Therefore, the equilibrium temperature is calculated as:
Under the assumption of no heat losses, one may conclude that the temperature 315 at the chimney outlet is equal to the equilibrium temperature in the air box.
316
The results obtained following this procedure are shown in Fig. 9 , while the 317 constants used in the computation of T eq and in the previous calculations are 318 gathered in Table 3 .
319
The data shown in Fig. 9 clearly confirms that the model is preliminary, since the 320 relative error is very high in two of the analysed layouts. However, the results are This result is useful to confirm that a more advanced analysis needs to be 326 performed to study in detail the system under investigation, for example using 
Conclusions
336
In this paper a parametric analysis of the performance of an energy harvest-337 ing pavement was presented and discussed. drawn:
339
• Air-driven energy harvesting from pavements is feasible.
340
• The chimney height and the chimney diameter are equally important for 341 the final performance of the system, thus, an optimal combination between 342 them needs to be used.
343
• The energy harvesting process needs to be described with the use of fluid 344 dynamics, since the Reynolds number of the fluid flow is sensitive to tem-345 perature variations.
346
• The energy efficiency of harvesting pavements can get up to almost 15%.
347
However, this implies a not optimal air speed, thus, the aim of the har-
348
vesting process needs to be clear to the designer.
349
• The air speed at the outlet is controlled by the height and diameter of 2.00 n/a n/a n/a n/a 2.50 n/a n/a n/a n/a
